1. Introduction {#sec1}
===============

During the transition from traditional Pb-containing solders to lead-free solders in the electronics industry, Sn--Ag--Cu solders became the industry\'s favourite for most applications. However, the melting range of these solders lies around 220 °C, which is considerably higher than the previously used (near) eutectic Pb--Sn alloys. Several attempts were therefore made to reduce the melting temperature by adding various low melting metals, e.g. Ga or In. Although basically satisfying results were obtained the industry did not particularly like the idea of adding In due to its high cost and limited availability. So In containing solders may only find use in niche-applications.

Nevertheless, In is included in the thermodynamic CALPHAD database SOLDERS [@bib1], [@bib2] developed in the scope of the COST Action 531 "Lead-Free Solder Materials", which was designed to include datasets for all elements that could possibly find use in lead-free soldering for mainstream applications. These efforts were then continued within the scope of COST Action MP0602 on high-temperature solders in the form of an expanded database. The aim of this database is to provide reliable phase diagram descriptions for intermetallic systems of the type "solder + substrate" to allow the understanding and interpretation of interfacial reactions during the soldering process.

With CALPHAD being a semi-empirical approach and therefore being strongly dependent on experimental information, it is clear that any useful CALPHAD optimization needs a reliable experimental basis. On the other hand, intermetallic systems of the type "solder + substrate" are complicated by the huge differences in the melting points of the pure metals. The high melting regions of the system are therefore practically inaccessible by experiments at the temperatures relevant for soldering, i.e. around 200 °C. It is therefore necessary to employ both, experiments and modelling, in order to produce the required phase diagram information.

Due to these reasons, the goal of the present work was the experimental determination of the phase equilibria in the system In--Ni--Sn at 700 °C using X-ray diffraction (XRD) and scanning electron microscopy (SEM) including micro probe analysis (EMPA) and energy dispersive X-ray spectroscopy (EDX). This particular temperature was chosen because it allows obtaining reliable results in reasonable time. Since no theoretical description of the In--Ni--Sn system has been done in the past, the experimental work presented here is complemented by a theoretical study based on the experimental data. As CALPHAD modelling [@bib3], [@bib4] relies on the combination of experimental data and theoretical modelling, its success significantly depends on the amount and quality of available experimental data. As a first result of the modelling efforts the calculated isothermal section at the same temperature has been established, too.

2. Literature survey {#sec2}
====================

2.1. The binary systems {#sec2.1}
-----------------------

### 2.1.1. Experimental information {#sec2.1.1}

Experimental phase diagram information on the binary boundary systems was taken from the literature: Ni--Sn from the recent investigation of Schmetterer et al. [@bib5] who primarily investigated the high temperature (HT) -- low temperature (LT) transitions in Ni~3~Sn and Ni~3~Sn~2~ and determined the involved reaction temperatures. Based on these results they established a thoroughly revised version of the phase diagram. The In--Sn phase diagram was accepted as shown in Massalski et al. [@bib6], which is based on the evaluations of [@bib7] and [@bib8]. Information on the In--Ni system was in principle taken from the compilation of Singleton and Nash [@bib9]. In this system the homogeneity ranges of the *δ* and ζ-Ni~2~In phases are of note. However, the available data were enhanced with a number of own measurements in the binary system, because some inconsistencies between the ternary data and the literature on the binary system were noticed (see Chapter 4).

### 2.1.2. Theoretical information {#sec2.1.2}

The thermodynamic description of the binary systems was taken from the literature, the SOLDERS database [@bib1], [@bib2] and our own assessment work. The source of the thermodynamic parameters for the In--Ni system is Ref. [@bib10]. For In--Sn the data from Ansara et al. [@bib11] were selected out of the various assessments (e.g. [@bib11], [@bib12], [@bib13]) due to their consistency with the unary data in the SOLDERS database and good agreement with the experimental version from Ref. [@bib6]. The Ni--Sn dataset was taken from the complete reassessment of this system by Zemanova et al. [@bib14] which is based on the new experimental results by Schmetterer et al. [@bib5] and differs from the previous one by Liu et al. [@bib15]. Consistency between the thermodynamic data for the various binary systems in the SOLDERS database and the new database for high-temperature lead-free solders (developed within the scope of COST Action MP0602), demanded new models for the intermetallic phases in Ni--Sn, e.g. Ni~3~Sn-phase having D0~3~ structure was remodelled as a BCC_A2 structure in order to be consistent with the Cu--Sn system, where bcc-β and D0~3~-γ had been assessed as being one phase for simplicity (as BCC_A2) and with the ternary Cu--Ni--Sn system, where a continuous solubility had been observed between Ni~3~Sn HT and *γ* that required this unification of the description.

2.2. The ternary system {#sec2.2}
-----------------------

The experimental literature information on the ternary In--Ni--Sn system is partially summarized in [@bib16]. A phase diagram study at 700 °C was published by Bhargava and Schubert [@bib17], who established a partial isothermal section in the Ni-rich part, whereas the (In,Sn)-rich area was investigated using samples that had been furnace-cooled to room temperature. The authors also reported the existence of a ternary compound InNi~6~Sn~5~ having C~2~MoU-type crystal structure and a complete solid solution between InNi~2~ and Ni~3~Sn~2~. Another partial isothermal section at 550 °C in the range 60--100 at.% Ni was suggested by Burkhardt and Schubert [@bib18]. Recently Huang and Chen [@bib19] proposed isothermal sections at 160 and 240 °C within their lead-free solder related research. In contrast to the results by [@bib17] they did not find any ternary compound, but suggested a huge solubility of In in the Ni~3~Sn~4~-phase, while according to [@bib17], there is only a limited solubility of In in Ni~3~Sn~4~ at 700 °C.

Another ternary phase, InNi~2~Sn, is mentioned in [@bib16] to be a solid solution of Sn in InNi, and a CoSn-type crystal structure is reported for this phase. A crystallographic study of the Ni~3~(In,Sn) phase was carried out by Shadangi et al. [@bib20] who reported a continuous solid solution between the isostructural Ni~3~Sn and Ni~3~In phases at 500 °C.

3. Sample preparation and experimental and theoretical methodology {#sec3}
==================================================================

3.1. Experiment {#sec3.1}
---------------

Binary In--Ni and ternary In--Ni--Sn samples were prepared from the pure elements, Ni-sheet (99.99%, Advent Research Materials Ltd., Eynsham, Oxford, U.K.), Sn-ingot (99.999% Metal Basis, Ventron Alfa Products, Beverly, MA, USA) and In-rod (99.999%, ASARCO, South Plainfield, NJ). Proper amounts of the elements were weighed to give a total sample weight of 1 g. Alloying was done either in an arc furnace or directly in dried and evacuated quartz glass tubes. In both cases, necessary care had to be taken to ensure the homogenization of the samples due to the very slow reaction between Sn and Ni. Because pieces of unreacted Ni-sheet were found in some of the annealed samples all further samples were kept at 1180 °C for one week with repeated shaking of the quartz tube for homogenization. In addition, the samples were powdered, pressed into pellets and melted in vacuum again to ensure homogeneity. After alloying, the samples were annealed at 700 °C for at least two weeks and subsequently quenched in water. The samples were then cut or broken into three pieces for investigation by XRD, SEM and differential thermal analysis (DTA).[1](#fn1){ref-type="fn"}

Powder XRD data for phase identification of most samples were recorded on a Bruker D8 powder diffractometer equipped with a high speed LynxEye one dimensional silicon strip detector and an X-ray Cu tube. A smaller number of samples were investigated in a Huber Guinier Image Plate camera (Huber GmbH, Rimsting, Germany) on a Siemens Kristalloflex ERL 1000 generator (Siemens AG, Berlin, Germany) with Cu K~α1~ radiation. In both cases the patterns were analysed using the 'Topas 3' software (Bruker AXS, Karlsruhe, Germany). Crystal structure data for phase identification were taken from Pearson\'s Handbook of Intermetallic Phases [@bib22].

Samples to be examined by optical light microscopy and SEM were embedded in a phenolic resin mixed with carbon (Struers, Denmark) by hot-pressing. (In,Sn)-rich samples that were partially liquid at the annealing temperature were embedded in a cold mounting resin in order to avoid melting of the low-melting phases during embedding. Then the samples were ground with SiC discs with 120--1200 mesh and polished with Al~2~O~3~ (1 μm) to obtain a smooth surface. Samples embedded in the cold-mounting resin had to be contacted before the SEM measurements because this resin is non-conductive. Metallographic investigations were performed using a light microscope (Zeiss Axiotech, Jena, Germany). A DSC-S75 digital still camera (Sony, Tokyo, Japan) switched to full zoom was employed to take pictures.

SEM including EPMA (Electron Probe Micro Analysis) measurements were carried out on a Cameca SX 100 instrument (Cameca, Paris, France) electron probe using wavelength dispersive spectroscopy (WDS) for quantitative analyses and employing pure Ni, In and Sn as standard materials. The measurements were carried out at 20 kV with a beam current of 20 nA. Ni K~α~, In L~α~ and Sn L~α~ lines were used for quantitative analyses. Conventional ZAF matrix correction was used to calculate the compositions from the measured X-ray intensities.

A number of samples were investigated on a scanning electron microscope JEOL JSM-6460 using an EDX analyser. This instrument was calibrated using pure Ni and Sn as well as InAs. As the combination of In and Sn is not favourable for EDX investigations due to the overlap of the respective L~α~ lines, several of these samples were additionally checked by EPMA. It turned out that, despite this overlap, the EDX results were reliable. For each individual measurement the not normalized sum of mass per cent was checked. Only measurements with values between 97 and 103 wt.%. were taken because large deviations from 100 would indicate e.g. the presence of additional elements in the sample (e.g. impurities) or the beam spot being located on a hole that lead to erroneous results.

3.2. Theoretical approach, CALPHAD modelling {#sec3.2}
--------------------------------------------

The theoretical calculations were done using the commercial Thermocalc^©^ software [@bib23], [@bib24]. The full assessment will be published elsewhere [@bib21] and therefore only brief information about it will be presented here.

The above mentioned theoretical assessments of In--Ni [@bib10], In--Sn (based on [@bib11]) and Ni--Sn [@bib14] were used as the base for the calculation of phase equilibria in the ternary In--Ni--Sn system in the theoretical part of the study. Information for the unary phases is according to the SGTE database, version 4.4 [@bib25]. The experimentally observed ternary phase was modelled using the crystallographic information about the C~2~MoU prototype. This structure consists of four independent 4*c* positions. Two of them are fully occupied by Ni atoms, the other two are partially occupied by In and Sn in the same manner. Therefore these positions were joined into the two-sublattice model allowing a solubility between In and Sn in the form (Ni)~1~(In,Sn)~1~.

Because of the experimentally measured solubilities of third elements in all intermetallic phases and the existence of complete mutual solubilities, the models used in the binary assessments were expanded and/or unified to accommodate them.

In the AsNi structure type family the structures *hP*4 (AsNi) and *hP*6 (InNi~2~) represent the limits in the degree of filling of the 2d position (empty in AsNi, fully occupied in InNi~2~), but are otherwise identical. In order to allow for the modelling of continuous solid solutions between such phases and in consistency with crystallography they have to be described using the same model. In [@bib14] the Ni~3~Sn~2~ HT-phase (partially filled *hP6*) was described as (Ni,Va)~1~(Ni,Va)~1~(Ni,Sn)~1~, which was expanded to (Ni,Va)~1~(Ni,Va)~1~(In,Ni,Sn)~1~ in the ternary In--Ni--Sn system to enable complete solubility with the ζ-InNi~2~ phase (*hP*4). Similarly the description of the Ni~3~Sn LT and Ni~3~In phases was unified to (In,Ni,Sn)~0.75~(In,Ni,Sn)~0.25~ because of the experimentally confirmed complete solubility between these phases requiring a reassessment of this phase in the In--Ni system.

4. Results and discussion {#sec4}
=========================

A total of 5 binary In--Ni and 46 ternary In--Ni--Sn samples were investigated using XRD and SEM/EPMA for phase analysis. The results obtained from these samples quenched from 700 °C are shown in [Table 1](#tbl1){ref-type="table"} together with experimental information (annealing time, EDX or WDS). Areal EDX scans were used to determine the composition of the matrix solidified from the liquid during quenching, which has been denoted by "solidified liquid" in [Table 1](#tbl1){ref-type="table"}. The experimental isothermal section based on these results is shown in [Fig. 1](#fig1){ref-type="fig"}. Phase field boundaries are drawn using solid lines, and tie lines as derived from two-phase samples using dotted lines; the liquidus is shown by a dashed line since its course is estimated from the limited number of areal EDX measurements of the respective samples\' matrices.

Two ternary compounds have been reported in the literature, InNi~6~Sn~5~ and In~2~NiSn. While InNi~6~Sn~5~ (labelled T in [Fig. 1](#fig1){ref-type="fig"}) was found as a true ternary compound in the present study (in the sense that it is entirely separated from other compounds by two-and three phase fields), this was not the case for In~2~NiSn. Instead, the binary compound InNi was found to dissolve considerable amounts of Sn (up to 28 at.%), and thus, at 700 °C the assumed ternary phase is in fact part of the large ternary solubility of InNi. This is also reflected by the course of the lattice parameters of InNi ([Fig. 2](#fig2){ref-type="fig"}) which are in good agreement with Ref. [@bib17].

All phases, binary compounds and the pure elements exhibit significant ternary solubilities. The homogeneity range of the (Ni) solid solution was found to decrease from the Sn- to the In-side in good agreement with the limiting binary values: 5.2 at.% Sn in (Ni) ([@bib5]) and 2.7 at.% In in (Ni) (sample IN1, In~20~Ni~80~). This latter value is smaller than the one reported in Massalski\'s version of the binary In--Ni phase diagram [@bib6] but is consistent with the values from ternary samples. The micrograph of sample INS36, In~8~Ni~85~Sn~7~ ([Fig. 3](#fig3){ref-type="fig"}) contains the two phases (Ni) and Ni~3~(In,Sn) from which the corresponding tie line could be established.

For Ni~3~(In,Sn) there is a continuous solid solution with a linear variation of the lattice parameter (see [Fig. 4](#fig4){ref-type="fig"}) in good agreement with the work of Shadangi et al. [@bib20]. Similarly, mutual solubility between InNi~2~ and Ni~3~Sn~2~ HT has been proposed in the literature. Indeed such a complete solid solution is likely since InNi~2~ and Ni~3~Sn~2~ HT exhibit crystallographic structures *hP4* (AsNi-type) and *hP*6 (InNi~2~-type), respectively. Data obtained for the present study also suggest the existence of a complete mutual solubility between these two phases, since EPMA analysis of samples placed along this section did not reveal the presence of a two phase field between the two phases, and no corresponding three-phase fields were found in samples on either side of this section.

The development of the lattice parameters from the Ni~3~Sn~2~ HT to the InNi~2~ region are shown in [Fig. 5](#fig5){ref-type="fig"}. In this figure the lattice parameters from XRD were plotted vs. the respective In content of the Ni~3~Sn~2~ HT phase as determined by EPMA in two-phase samples (samples INS16 to INS20 and IN3; see [Table 1](#tbl1){ref-type="table"}). These samples have a similar Ni-content of approx. 62.5 at.%, which is required for comparison, because the lattice parameters also change significantly as a function of the Ni-content. It can be seen that there is no indication for the existence of a two-phase field in the course of the lattice parameters, either. This situation is therefore in good agreement with the evaluation of Bhargava and Schubert [@bib17] who proposed a complete solid solution between InNi~2~ and Ni~3~Sn~2~ HT.

In Massalski\'s version of the binary In--Ni phase diagram a considerable homogeneity range of approx. 3 at.% is given for the In~9~Ni~13~ phase. Phase analysis in the ternary system, however, did not reveal any significant solubility range along the In--Ni axis, i.e. the phase is almost stoichiometric with respect to the In--Ni binary (see the results listed in [Table 1](#tbl1){ref-type="table"}). However, there is an appreciable ternary solubility of Sn with a limiting concentration of 5.4 at.%, which was derived from sample INS41, In~35~Ni~58~Sn~7~, comprising the three phases Ni~3~Sn~2~ HT + In~9~Ni~13~ + InNi. The microstructure of this sample can be seen in [Fig. 6](#fig6){ref-type="fig"} showing the primary crystallization of Ni~3~Sn~2~ HT. Therefore, in contrast to the literature, binary In~9~Ni~13~ is in fact a line compound having a ternary solubility of Sn.

A maximum solid solution of 5 at.% In was found in Ni~3~Sn~4~. This value is smaller than the value given in Ref. [@bib17], which was derived from furnace-cooled samples. Considering these results, the huge solubility of In in Ni~3~Sn~4~ reported by Huang and Chen [@bib19] at 160 and 240 °C appears rather unlikely and seems to be a non-equilibrium effect caused by the low annealing temperature.

The determination of the compositions corresponding to the three-phase field \[Ni~3~Sn~2~ HT + Ni~3~Sn~4~ + InNi~6~Sn~5~\] by EPMA was complicated by the low compositional contrast (samples INS1--INS2b) so that the data were derived from line scans.

At 700 °C no binary solid In--Sn phase exists any more. Any such phase found in the phase analysis is therefore a product of solidification of the liquid during quenching of the sample. Based on the results from XRD and EPMA, three three-phase fields were identified in this region: \[L + Ni~3~Sn~4~ + InNi~6~Sn~5~\], \[L + InNi + InNi~6~Sn~5~\] and \[L + In~3~Ni~2~ + InNi\]. The determination of the composition of the liquid was done using areal scans on the solidified matrix found in the respective samples. [Fig. 7](#fig7){ref-type="fig"} shows the micrograph of sample INS34, In~60~Ni~30~Sn~10~, quenched from 700 °C where the phases In~3~Ni~2~ and InNi--solid at the annealing temperature -- and the solidified matrix can be seen. Similarly, [Fig. 8](#fig8){ref-type="fig"} shows the micrograph of sample INS32, In~40~Ni~30~Sn~30~, on which the three-phase field \[L + InNi + InNi~6~Sn~5~\] is based. The black spots in the matrix are holes, while there are also precipitates of additional phases. Together with the decomposition of the liquid phase (even at relatively high cooling rate) this lead to a higher uncertainty of the composition values listed for the relevant samples in [Table 1](#tbl1){ref-type="table"}. However, it is clear that this situation needs to be further refined in conjunction with the low-temperature experiments currently being carried out [@bib21].

The theoretical calculation of the isothermal section at 700 °C in the In--Ni--Sn ternary system, based on the experimental data presented in this work, is shown in [Fig. 9](#fig9){ref-type="fig"}. There is good agreement between experimental results and theoretical modelling. All important features, identified experimentally, are well reproduced by the calculations. The solubilities in the pure elements and in the liquid phase along the binary edges are defined by the employed binary assessment and agree reasonably well with the experiments. The continuous solubilities between Ni~3~Sn LT and InNi~3~ as well as between Ni~3~Sn~2~ and InNi~2~, respectively, are correctly reproduced, and the obtained solubilities in binary compounds correspond to the experimental results, too. However, there is significant difference for the concentration of the liquid in the three phase fields \[L + Ni~3~Sn~4~ + InNi~6~Sn~5~\] and \[L + In~3~Ni~2~ + InNi\] which may be caused by the uncertainties in the measurements of the liquid composition by areal EDX scans.

5. Conclusion and outlook {#sec5}
=========================

A complete isothermal section at 700 °C was established in this study for the In--Ni--Sn system. While it agrees well with previously known parts of the phase diagram it was enhanced with new information, also including a slight revision of the homogeneity range of the binary In~9~Ni~13~ phase, which was found to be a line compound. CALPHAD modelling was employed to provide a calculated version of this isothermal section based on the presented experimental results. The sublattice models for the Ni~3~Sn~2~ HT and InNi~2~ HT phases were harmonized as (Ni,Va)~1~(Ni,Va)~1~(In,Ni,Sn)~1~ to allow for the modelling of a complete solid solution between these two phases. However, a full assessment of this ternary system still lacks knowledge on the thermal behaviour as well as on reliable low-temperature phase equilibria. These are currently under investigation and will therefore form a separate publication [@bib21] together with the details of the full thermodynamic assessment.
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The study of the thermal behaviour of In--Ni--Sn alloys is currently in progress [@bib21].

![Isothermal section of the In--Ni--Sn phase diagram at 700 °C based on experimental results. Sample positions are indicated by '+' and estimated phase boundary of the liquid phase is shown by a dashed line.](gr1){#fig1}

![Development of the lattice parameter in the phase InNi. The non-linear variation is in good agreement with Ref. [@bib17].](gr2){#fig2}

![Microstructure of sample INS 36, In~8~Ni~85~Sn~7~, showing the phases (Ni) and (In,Sn)Ni~3~.](gr3){#fig3}

![Development of the lattice parameters within the Ni~3~(In,Sn) solid solution. The practically linear variation of the lattice parameters with the In-content supports the existence of a complete solid solution between Ni~3~In and Ni~3~Sn based on the exchange of Sn and In atoms.](gr4){#fig4}

![Development of the lattice parameters in the solid solution Ni~3~Sn~2~ HT -- InNi~2~ HT. The course of the lattice parameters does not give any indication for the existence of a two-phase field which is in agreement with the EPMA data.](gr5){#fig5}

![Micrograph of sample 41, In~35~Ni~58~Sn~7~, showing the three phases Ni~3~Sn~2~ HT, In~9~Ni~13~ and InNi.](gr6){#fig6}

![Microstructure of sample INS 34, In~60~Ni~30~Sn~10~, showing the solid phases In~3~Ni~2~ and InNi, as well as the matrix and precipitations solidified from the liquid.](gr7){#fig7}

![Microstructure of sample INS32, In~40~Ni~30~Sn~30~, showing the solid phases InNi and InNi~6~Sn~5~, as well as the matrix and precipitations solidified from the liquid.](gr8){#fig8}

![The calculated isothermal section of the In--Ni--Sn system at 700 °C.](gr9){#fig9}

###### 

Experimental results in the systems In--Ni and In--Ni--Sn at 700 °C.

  No.                                    Nominal composition \[at.%\]   Heat treatment \[°C\]                                                Phase                   Structure type   Lattice param. \[pm\]                                                 EDX^∗)^/WDS^∗∗)^              
  -------------------------------------- ------------------------------ -------------------------------------------------------------------- ----------------------- ---------------- --------------------------------------------------------------------- ------------------ ---------- -----------
  Binary In--Ni samples                                                                                                                                                                                                                                                                   
  IN 1                                   In~20~Ni~80~                   700, 21 d                                                            (Ni)                    Cu               *a* = 354.16(3)                                                       2.7                97.3^∗)^   
  InNi~3~                                Mg~3~Cd                        *a* = 533.14(2) *c* = 423.94(2)                                      25.6                    74.4                                                                                                                 
  InNi~2~                                InNi~2~                        *a* = 419.20(6) *c* = 511.4(1) (very small amount only)              33.2                    66.9                                                                                                                 
  IN 2                                   In~30~Ni~70~                   700, 21 d                                                            InNi~3~                 Mg~3~Cd          *a* = 533.12(2) *c* = 423.62(4)                                       25.6               74.4^∗)^   
  InNi~2~                                InNi~2~                        *a* = 418.86(1) *c* = 511.18(2)                                      33.3                    66.7                                                                                                                 
  IN 3                                   In~39~Ni~61~                   700, 21 d                                                            In~9~Ni~13~             In~9~Pt~13~      *a* = 1471.01(3) *b* = 837.24(2) *c* = 901.57(3) *β* = 35.404(1)°     41.4               58.6^∗)^   
  InNi~2~                                InNi~2~                        *a* = 417.933(9) *c* = 517.71(2)                                     37.3                    62.7                                                                                                                 
  IN 4                                   In~45~Ni~55~                   700, 21 d                                                            In~9~Ni~13~             In~9~Pt~13~      *a* = 1472.19(2) *b* = 838.319(9) *c* = 902.19(1) *β* = 35.3939(6)°   41.6               58.4^∗)^   
  InNi                                   CoSn                           *a* = 524.309(3) *c* = 435.023(4)                                    49.8                    50.2                                                                                                                 
  IN 5                                   In~55~Ni~45~                   700, 21 d                                                            InNi                    CoSn             *a* = 524.284(4) *c* = 435.038(6)                                     50.7               49.3^∗)^   
  In~3~Ni~2~                             Al~3~Ni~2~                     *a* = 439.506(4) *c* = 530.602(7)                                    60.4                    39.6                                                                                                                 
  Ternary In--Ni--Sn samples at 700 °C                                                                                                                                                                                                                                                    
  INS 35                                 In~4~Ni~85~Sn~11~              700, 14 d                                                            (Ni)                    Cu               *a* = 354.874(4)                                                      0.8                94.8       4.3^∗)^
  Ni~3~(In,Sn) LT                        Mg~3~Cd                        *a* = 530.686(4) *c* = 424.313(4)                                    6.9                     74.7             18.3                                                                                                
  INS 36                                 In~8~Ni~85~Sn~7~               700, 14 d                                                            (Ni)                    Cu               *a* = 354.526(2)                                                      1.6                95.8       2.6^∗)^
  Ni~3~(In,Sn) LT                        Mg~3~Cd                        *a* = 531.558(3) *c* = 424.692(4)                                    13.2                    74.5             12.3                                                                                                
  INS 37                                 In~12~Ni~85~Sn~3~              700, 14 d                                                            (Ni)                    Cu               *a* = 354.703(2)                                                      3.3                95.6       1.1^∗)^
  Ni~3~(In,Sn) LT                        Mg~3~Cd                        *a* = 532.547(3) *c* = 424.372(3)                                    20.4                    75.3             4.3                                                                                                 
  INS 21                                 In~5~Ni~75~Sn~20~              700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 530.274(5) *b* = 424.371(7)                                     4.7                74.6       20.7^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 415.04(3) *c* = 525.39(9)                                      20.6                    62.4             17.0                                                                                                
  INS 22                                 In~9~Ni~75~Sn~16~              700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 531.13(6) *c* = 424.34(7)                                       7.4                74.6       18.0^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 415.62(3) *b* = 524.6(2) (traces)                              22.1                    62.6             15.3                                                                                                
  INS 23                                 In~13~Ni~75~Sn~12~             700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 531.89(1) *c* = 424.37(1)                                       Not determined                
  INS 24                                 In~17~Ni~75~Sn~8~              700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 532.67(7) *c* = 424.31(8)                                       17.8               75.2       7.0^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        Not found                                                            32.4                    65.3             2.3                                                                                                 
  INS 25                                 In~21~Ni~75~Sn~4~              700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 533.058(7) *c* = 424.113(8)                                     20.6               74.9       4.5^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        Not found                                                            32.8                    66.8             0.4                                                                                                 
  INS 16                                 In~5~Ni~66.7~Sn~28.3~          700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 414.24(4) *c* = 520.021(9)                                      5.7                62.5       31.8^∗∗)^
  Ni~3~(In,Sn)                           Mg~3~Cd                        *a* = 530.11(1) *c* = 424.71(2)                                      1.7                     74.4             23.9                                                                                                
  INS 17                                 In~10~Ni~66.7~Sn~23.3~         700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 414.90(5) *c* = 520.03(9)                                       12.7               62.2       25.1^∗∗)^
  Ni~3~(In,Sn)                           Mg~3~Cd                        *a* = 530.56(1) *c* = 424.40(2)                                      5.3                     74.4             20.3                                                                                                
  INS 18                                 In~15~Ni~66.7~Sn~18.3~         700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 414.95(8) *c* = 519.61(1)                                       18.4               62.3       19.3^∗∗)^
  Ni~3~(In,Sn)                           Mg~3~Cd                        *a* = 530.66(1) *c* = 423.88(2)                                      8.1                     74.6             17.3                                                                                                
  INS 19                                 In~20~Ni~66.7~Sn~13.3~         700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 531.56(1) *c* = 423.87(2)                                       15.3               74.2       10.5^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 415.497(6) *c* = 519.76(1)                                     24.0                    62.7             13.3                                                                                                
  INS 20                                 In~25~Ni~66.7~Sn~8.3~          700, 15 d                                                            Ni~3~(In,Sn)            Mg~3~Cd          *a* = 531.91(2) *c* = 423.97(3)                                       16.1               74.6       9.3^∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 416.49(1) *c* = 518.50(2)                                      27.9                    63.7             8.4                                                                                                 
  INS 38                                 In~32~Ni~65~Sn~3~              700, 10 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 417.731(3) *c* = 515.995(6)                                     32.1               65.3       2.6^∗)^
  INS 39                                 In~36.5~Ni~62~Sn~1.5~          700, 10 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 423.98(5) *c* = 504.41(9)                                       36.2               62.1       1.2^∗)^
  In~9~Ni~13~                            In~9~Pt~13~                    *a* = 1441.0(2) *b* = 834.05(9) *c* = 890.1(4) *β* = 35.726(4)°      40.5                    59.1             0.4                                                                                                 
  INS 43                                 In~29~Ni~64~Sn~7~              700, 38 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 416.929(6) *c* = 518.35(7)                                      29.3               63.9       6.8^∗)^
  INS 44                                 In~29.5~Ni~63~Sn~7.5~          700, 38 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 416.175(9) *c* = 519.62(1)                                      Not determined                
  INS 45                                 In~30~Ni~62~Sn~8~              700, 38 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 415.96(1) *c* = 520.27(2)                                       30.5               61.7       7.8^∗)^
  INS 46                                 In~30.5~Ni~61~Sn~8.5~          700, 38 d                                                            In~9~Ni~13~             In~9~Pt~13~      *a* = 1464.9(2) *b* = 836.0(1) *c* = 898.9(2) *β* = 35.50(1)°         34.9               58.5       6.7^∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 416.29(1) *c* = 520.31(1)                                      30.0                    61.2             8.8                                                                                                 
  INS 40                                 In~32~Ni~61~Sn~7~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 416.24(1) *c* = 520.50(2)                                       31.9               61.2       6.9^∗)^
  In~9~Ni~13~                            In~9~Pt~13~                                                                                         36.0                    58.7             5.3                                                                                                 
  INS 11                                 In~5~Ni~60~Sn~35~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 410.56(8) *c* = 517.79(1)                                       4.1                60.0       35.9^∗∗)^
  INS 12                                 In~10~Ni~60~Sn~30~             700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 411.61(6) *c* = 518.04(9)                                       10.8               60.5       28.7^∗∗)^
  InNi                                   CoSn                           *a* = 525.39(7) *c* = 431.3(1)                                       37.0                    50.7             12.3                                                                                                
  INS 13                                 In~15~Ni~60~Sn~25~             700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 405.29(5) *c* = 533.29(6)                                       Not determined                
  INS 14                                 In~20~Ni~60~Sn~20~             700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 414.03(7) *c* = 519.23(1)                                       18.1               61.2       20.7^∗∗)^
  InNi                                   CoSn                           *a* = 524.85(2) *c* = 432.90(4)                                      40.8                    49.8             9.4                                                                                                 
  INS B3                                 In~21.1~Ni~60~Sn~18.9~         700, 14 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 414.321(4) *c* = 519.153(7)                                     Not determined                
  InNi                                   CoSn                           *a* = 524.864(7) *c* = 432.93(1)                                                                                                                                                                                  
  INS 26                                 In~35~Ni~60~Sn~5~              700, 20 d                                                            In~9~Ni~13~             In~9~Pt~13~      *a* = 1467.38(8) *b* = 837.77(3) *c* = 900.06(5) *β* = 35.51°         36.2               59.1       4.7^∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 416.70(7) *c* = 520.44(1)                                      32.6                    61.2             6.2                                                                                                 
  INS 41                                 In~35~Ni~58~Sn~7~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 416.35(1) *c* = 520.22(2)                                       29.1               60.9       10.0^∗)^
  In~9~Ni~13~                            In~9~Pt~13~                    *a* = 1465.12(3) *b* = 836.51(2) *c* = 899.26(2) *β* = 35.527(1)°    35.7                    58.4             6.0                                                                                                 
  InNi                                   CoSn                           *a* = 524.41(2) *c* = 434.46(2)                                      47.0                    50.6             2.4                                                                                                 
  INS 1                                  In~1~Ni~50~Sn~49~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 405.17(1) *c* = 512.92(2)                                       1.6                45.4       52.9^∗)^
  Ni~3~Sn~4~                             Ni~3~Sn~4~                     *a* = 1242.86(4) *b* = 408.06(1) *c* = 521.16(2) *β* = 103.806(3)°   2.0                     47.1             50.9                                                                                                
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 519.92(2) *b* = 409.39(2) *c* = 1222.08(4)                     Not found                                                                                                                                    
  INS 1b                                 In~2~Ni~50~Sn~48~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 405.50(1) *c* = 513.23(2)                                       0.7                55.4       43.9^∗)^
  Ni~3~Sn~4~                             Ni~3~Sn~4~                     *a* = 1245.27(6) *b* = 408.31(2) *c* = 521.20(3) *β* = 103.639(4)°   2.9                     47.4             49.8                                                                                                
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 520.20(2) *b* = 409.21(2) *c* = 1223.03(5)                     Not found                                                                                                                                    
  INS 2                                  In~3~Ni~50~Sn~47~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 408.48(2) *c* = 514.93(5)                                       0.9                55.8       43.3^∗)^
  Ni~3~Sn~4~                             Ni~3~Sn~4~                     *a* = 1237.5(2) *b* = 408.95(5) *c* = 521.52(6) *β* = 103.41(1)°     3.7                     47.4             48.9                                                                                                
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 520.03(3) *b* = 409.29(2) *c* = 1222.43(7)                     5.0                     49.1             45.9                                                                                                
  INS 2b                                 In~4~Ni~50~Sn~46~              700, 15 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 409.976(9) *c* = 513.59(1)                                      1.0                55.4       43.6^∗)^
  Ni~3~Sn~4~                             Ni~3~Sn~4~                     *a* = 1250.70(5) *b* = 409.15(2) *c* = 520.38(2) *β* = 102.055(5)°   4.5                     47.4             48.2                                                                                                
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 520.27(2) *b* = 411.57(1) *c* = 1229.63(4)                     6.4                     48.6             45.0                                                                                                
  INS 27                                 In~8~Ni~50~Sn~42~              700, 20 d                                                            InNi~6~Sn~5~            C~2~MoU          *a* = 520.61(1) *b* = 412.371(8) *c* = 1228.83(3)                     8.6                48.7       42.7^∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 406.36(1) *c* = 514.10(2)                                      1.5                     55.6             42.9                                                                                                
  INS 3                                  In~10~Ni~50~Sn~40~             700, 15 d                                                            InNi~6~Sn~5~            C~2~MoU          *a* = 520.569(6) *b* = 412.910(5) *c* = 1226.44(2)                    10.2               49.7       40.1^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        Traces only                                                          2.1                     58.4             39.5                                                                                                
  INS 4                                  In~14~Ni~50~Sn~36~             700, 15 d                                                            InNi~6~Sn~5~            C~2~MoU          *a* = 520.82(1) *b* = 413.79(1) *c* = 1225.02(2)                      13.3               49.7       37.0^∗∗)^
  InNi                                   CoSn                           *a* = 527.05(1) *c* = 428.50(1)                                      22.2                    49.9             27.9                                                                                                
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 408.52(2) *c* = 516.10(6)                                      3.5                     58.1             38.4                                                                                                
  INS 5                                  In~18~Ni~50~Sn~32~             700, 15 d                                                            InNi                    CoSn             *a* = 527.06(4) *c* = 428.46(5)                                       22.3               49.9       27.8^∗∗)^
  InNi~6~Sn~5~                           Pnma                           *a* = 520.93(1) *b* = 413.72(1) *c* = 1225.26(3)                     13.1                    49.7             37.1                                                                                                
  INS 28                                 In~25~Ni~50~Sn~25~             700, 20 d                                                            InNi                    CoSn             *a* = 526.192(8) *c* = 430.161(8)                                     25.3               49.2       25.5^∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 408.7(1) *c* = 516.5(2)                                        Not found                                                                                                                                    
  INS 6                                  In~29~Ni~50~Sn~21~             700\. 15 d                                                           InNi                    CoSn             *a* = 526.19(7) *c* = 430.16(8)                                       28.9               50.0       21.1^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 410.75(6) *c* = 517.5(1)                                       9.9                     59.2             30.9                                                                                                
  INS 8                                  In~37~Ni~50~Sn~13~             700\. 15 d                                                           InNi                    CoSn             *a* = 525.219(5) *c* = 431.990(5)                                     37.0               50.2       12.8^∗∗)^
  In~3~Ni~2~                             Al~3~Ni~2~                     *a* = 439.60(4) *c* = 529.45(9)                                      Not found                                                                                                                                    
  INS 9                                  In~41~Ni~50~Sn~9~              700, 15 d                                                            InNi                    CoSn             *a* = 524.767(4) *c* = 433.161(4)                                     41.2               50.3       8.4^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 414.68(6) *c* = 519.2(2)                                       Not found                                                                                                                                    
  INS 10                                 In~45~Ni~50~Sn~5~              700, 15 d                                                            InNi                    CoSn             *a* = 524.446(5) *c* = 433.958(5)                                     44.9               50.2       4.8^∗∗)^
  Ni~3~Sn~2~ HT/InNi~2~                  InNi~2~                        *a* = 410.9(1) *c* = 518.1(2)                                        Not found                                                                                                                                    
  INS C2                                 In~12.5~Ni~50~Sn~37.5~         700, 14 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          *a* = 407.826(5) *c* = 515.13(1)                                      3.9                54.7       41.4^∗)^
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 520.779(3) *b* = 413.687(2) *c* = 1225.289(7)                  13.6                    47.6             38.6                                                                                                
  INS A2                                 In~37.5~Ni~50~Sn~12.5~         700, 14 d                                                            Ni~3~Sn~2~ HT/InNi~2~   InNi~2~          Not found in XRD                                                      19.4               59.3       21.4^∗)^
  InNi                                   CoSn                           *a* = 525.130(2) *c* = 432.207(2)                                    39.9                    48.6             11.5                                                                                                
  INS 42                                 In~12.75~Ni~40~Sn~47.25~       700, 15 d                                                            Ni~3~Sn~4~              Ni~3~Sn~4~       *a* = 1257.4(3) *b* = 409.44(8) *c* = 519.9(2) *β* = 102.27(2)°       5.0                44.9       50.1^∗)^
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 520.041(7) *b* = 411.453(5) *c* = 1228.14(1)                   6.3                     47.9             45.8                                                                                                
  InSn~4~ (l)                                                           *a* = 321.49(2) *c* = 299.79(4)                                      30.3                    0.2              69.6                                                                                                
  INS C1                                 In~15~Ni~40~Sn~45~             700, 14 d                                                            InNi~6~Sn~5~            C~2~MoU          *a* = 520.195(7) *b* = 411.731(6) *c* = 1228.03(2)                    7.4                47.0       45.6^∗)^
  In~3~Ni~2~ (l)                         Al~3~Ni~2~                     *a* = 437.887(7) *c* = 535.52(2)                                                                                                                                                                                  
  InSn~4~ (l)                                                           *a* = 321.64(3) *c* = 299.81(5)                                                                                                                                                                                   
  In~3~Sn (l)                                                           *a* = 348.43(5) *c* = 436.3(1)                                                                                                                                                                                    
  solidified liquid                                                     \+ a few unindexed lines                                             46.9                    5.9              47.2                                                                                                
  INS 29                                 In~10~Ni~30~Sn~60~             700, 17 d                                                            Ni~3~Sn~4~              Ni~3~Sn~4~       *a* = 1243.21(7) *b* = 407.92(2) *c* = 521.20(3) *β* = 103.852(4)°    1.7                45.5       52.8^∗)^
  InSn~4~ (l)                                                           *a* = 322.08(2) *c* = 300.10(2)                                      22.9                    0.4              76.7                                                                                                
  In~3~Ni~2~ (l) solidified liquid       Al~3~Ni~2~                     *a* = 438.69(2) *c* = 534.61(3)                                      22.9                    2.1              75.0                                                                                                
  INS 31                                 In~30~Ni~30~Sn~40~             700, 15 d                                                            InNi~6~Sn~5~            C~2~MoU          *a* = 520.26(3) *b* = 412.21(3) *c* = 1227.35(8)                      8.9                48.2       42.9^∗)^
  In~3~Sn (l)                            In                             *a* = 348.21(2) *c* = 436.93(6)                                                                                                                                                                                   
  In~3~Ni~2~ (l) solidified liquid       Al~3~Ni~2~                     *a* = 437.637(7) *c* = 535.12(2)                                     63.6                    2.5              33.9                                                                                                
  INS 32                                 In~40~Ni~30~Sn~30~             700, 15 d                                                            InNi                    CoSn             *a* = 526.94(6) *c* = 428.52(9)                                       21.4               49.9       28.7^∗)^
  InNi~6~Sn~5~                           C~2~MoU                        *a* = 520.81(4) *b* = 413.59(3) *c* = 1224.98(9)                     14.6                    48.8             36.6                                                                                                
  In~3~Sn (l)                            In                             *a* = 347.34(7) *c* = 437.92(5)                                                                                                                                                                                   
  In~3~Ni~2~ (l) solidified liquid       Al~3~Ni~2~                     *a* = 436.63(3) *c* = 535.06(7)                                      1.0                     78.4             20.5                                                                                                
  INS 33                                 In~50~Ni~30~Sn~20~             700, 17 d                                                            InNi                    CoSn             *a* = 526.56(1) *c* = 429.22(2)                                       25.2               49.9       24.9^∗)^
  In~7~Ni~3~ (l)                         Ge~7~Ir~3~                     *a* = 919.19(3)                                                      33.3                    63.3             3.4                                                                                                 
  In (l)                                 In                             *a* = 324.37(2) *c* = 498.95(5)                                      88.8                    0.4              10.8                                                                                                
  In~3~Ni~2~ (l) solidified liquid       Al~3~Ni~2~                     *a* = 436.49(8) *c* = 534.6(2)                                       87.9                    1.3              10.8                                                                                                
  INS 34                                 In~60~Ni~30~Sn~10~             700, 17 d                                                            In~3~Ni~2~              Al~3~Ni~2~       *a* = 439.54(0) *c* = 528.90(0)                                       54.4               39.1       6.5^∗)^
  InNi                                   CoSn                           *a* = 526.05(5) *c* = 429.91(9)                                      29.8                    49.4             20.7                                                                                                
  InNi~2~ (l)                            InNi~2~                        Not found                                                            32.3                    65.0             2.8                                                                                                 
  In~7~Ni~3~ (l)                         Ge~7~Ir~3~                     *a* = 919.12(7)                                                                                                                                                                                                   
  In (l) solidified liquid               In                             *a* = 324.36(0) *c* = 498.36(9)                                      88.6                    1.8              9.6                                                                                                 

\(l\) Denotes phases that formed during quenching out of the liquid phase but are not stable at 700 °C. Experimental results in the systems In--Ni and In--Ni--Sn at 700 °C. \*) = EDX, \*\*) = WDS.
